Background: With the increase in cancer survivors, more pancreatic ductal adenocarcinomas (PDACs) are developing as second primary cancers. Whether a prior cancer has an inferior impact on survival outcomes in patients with PDAC remains unknown, and the validity of criteria used to exclude patients with prior cancers in clinical trials needs to be determined. The aim of this study was to evaluate the prognostic factors and assess the survival impact of a prior cancer in patients with second primary PDAC. Methods: Patients with PDAC were retrospectively selected from the Surveillance, Epidemiology, and End Results (SEER) database. Overall survival (OS) and cancer-specific mortality rates were compared between patients with and those without prior cancer.
Background
One-fourth of deaths have been attributed to cancers; however, an obvious decline (by 22%) in the rate of cancer-related deaths was observed from 1991 to 2011 [1] . The number of cancer survivors is growing due to improved treatment outcomes. However, this result may lead to an increasing chance of developing second primary malignant neoplasms (SPMs). It was reported that SPMs accounted for 17 to 19% of new cancer cases [2, 3] . In addition, the morbidities are increasing year by year, and it is estimated that there may be more than 20 million cancer survivors who are at risk of SPMs by 2026 [4] .
Pancreatic ductal adenocarcinoma (PDAC) is an aggressive and lethal disease with an annually increasing incidence. Along with an increased number of cancer survivors who are at a high risk of developing SPMs, PDAC is becoming increasingly frequently developed as a subsequent tumor [5, 6] . Multiple studies have sought to evaluate the prognostic factors of patients with PDAC as the first primary cancer, while there are few data regarding patients with PDAC as the second primary cancer. Moreover, clinical trials are important for improving the survival of patients, but a history of prior cancer is one of the most commonly used exclusion criteria in clinical trials, which may be a huge treatment hurdle for a large proportion of patients with SPMs [7] . Given the sizable number of patients with a prior cancer, this exclusion criterion limits the generalizability of inclusion cases in clinical trials. Therefore, it is important to validate this exclusion criterion in clinical trials for patients with PDAC as a second primary cancer.
To address these issues, we aimed to evaluate the prognostic factors and to assess the survival impact of a prior cancer in patients with second primary PDAC using the Surveillance, Epidemiology, and End Results (SEER) database. The findings of this study may provide potential insight into the clinical management and surveillance of patients with PDAC who had a prior cancer.
Methods

Patients
The data of patients with PDAC from 2004 to 2015 were extracted from the SEER database, using the SEER*Stat software (v. 8.3.5). The study cohort consisted of patients with the following International Classification of Diseases for Oncology, Third Edition (ICD-O-3) histology codes 8140/3, 8144/3, 8255/3, 8261/3, and 8263/3, as well as the ICD-O-3 site codes C25.0, C25.1, C25.2, C25.3, C25.7, C25.8, and C25.9. For patients with prior cancers, ICD-O-3 was used to identify the types of primary solid tumors. Patients who were younger than 18 years, who did not have pathologically confirmed PDAC or who had missing information about clinical factors were excluded from this study.
Data collection
Records for age at diagnosis, gender, tumor size, tumor grade, tumor site, tumor-node-metastasis (TNM) stage, treatment, follow-up information, and causes of death were obtained using the SEER registries. The sequence numbers of all primary tumors of patients with PDAC were determined to ascertain whether they had a prior cancer. The time interval between the prior cancer and the index cancer was calculated, and a latency period of at least 6 months was adopted to avoid the possibility of synchronous metastases. The dataset from the SEER database that was generated and analyzed during the current study is available in the SEER dataset repository (https://seer.cancer.gov/).
Statistical analysis
Survival time was defined as the time period from diagnosis to the last follow-up or deaths due to all causes (overall survival, OS) or cancer-specific mortalities (cancer-specific survival, CSS). Pearson's chi-squared tests were used to assess the associations between clinicopathological characteristics and patient groups. A oneto-ten nearest propensity score matching (PSM) analysis with a caliper of 0.2 was performed by a logistic regression model, using the following characteristics as covariates: age, tumor site and grade, T and N stage, surgery, radiotherapy, and chemotherapy. The score-matched cohorts were used in the subsequent analyses. The cancerspecific mortality, non-cancer-specific mortality, and OS of patients with certain types of cancers were compared with those factors of patients without prior cancers. Cancer-specific and non-cancer-specific mortality were regarded as two competing events. Fine and Grey's model was used to estimate the subhazard ratios of variables in the analyses of overall mortalities and cancerspecific mortalities [8, 9] . The Kaplan-Meier method was used to determine OS, and survival differences between groups were compared by the log-rank test. The hazard ratio (HR) and the associated 95% confidence interval (CI) were also calculated.
Statistical analyses were performed using R software (v 3.4.2, The R Foundation for Statistical Computing, Vienna, Austria, http://www.r-project.org). A two-tailed P-value < 0.05 was considered statistically significant.
Results
Patient characteristics
We initially identified 9235 patients with PDAC from the SEER database, including 438 (4.74%) patients with a prior cancer and 8797 (95.26%) patients without a prior cancer, and their baseline clinicopathological characteristics were compared (Table 1) . In contrast to patients with prior cancer, those without cancer were younger, had a larger proportion of pancreatic head cancer, had a larger tumor, were in advanced TNM stages and were more likely to receive surgery and chemotherapy. To equilibrate these significantly different baseline characteristics, a PSM analysis was adopted. A total of 438 patients with prior cancers and 4380 patients without were matched, and the variables were balanced between these two groups. Among the 438 patients with a prior cancer, prostate cancer (28.8%) was the most common initial tumor, followed by breast (25.1%), renal and bladder (11.6%), colon and rectum (9.8%), uterine (5.5%), lung (3.7%), small intestinal (3.4%), oral (3.0%), stomach (2.7%), and hepatocellular (1.8%) cancer.
Comparison of OS rates in patients with and without a prior cancer
In the whole study cohort, the median OS rates during the follow-up period were 7 and 8 months for patients with and without prior cancer, respectively. In addition, (Table 2) . When stratified by initial cancer sites, compared with patients without prior cancer, the survivors of prostate, lung, small intestinal, oral, stomach, and hepatocellular cancers had a slightly better short-term survival, and the survivors of other types of prior cancers had a slightly better long-term survival; however, these survival differences were not significant ( Fig. 1 ). In addition, similar results were shown in the subgroup analyses of OS stratified by time interval among the whole cohort (Additional file 1: Table S1 ).
Comparison of mortalities in patients with and without a prior cancer
During the follow-up period, there were 296 (84.8%) cancer-specific and 53 (15.2%) non-cancer-specific mortalities in patients with a prior cancer. In patients without a prior cancer, 6578 (96.0%) cancer-specific and 272 (4.0%) non-cancer-specific mortalities were observed before the PSM analysis, and the 1-, 2-, and 3-year overall, cancer-specific, and non-cancer-specific mortalities were 63.3, 81.2, and 88.3%; 60.6, 77.8, and 84.4%; 2.7, 3.5, and 3.8%, respectively. After the PSM analysis, 3315 (95.7%) cancer-specific and 150 (4.3%) non-cancer-specific mortalities were observed. The 1-, 2-, and 3-year overall, cancer-specific and non-cancerspecific mortalities are provided in Tables 2 and 3 . When stratified by initial cancer sites, the patients with a prior cancer had comparatively lower cancerspecific mortalities, although no significant differences were found. In addition, compared with patients without prior cancer, patients with a history of prostate, breast, renal and bladder, small intestinal, oral, or hepatocellular cancer had significantly more competing mortalities ( Fig. 2 ). 
Comparison of the OS rates separated by the time interval
The overall median time interval from initial cancer to second primary cancer was 103.5 months. The time interval exceeded 60 months in patients with a history of prostate (97.0 months), breast (129.5 months), renal and bladder (68.0 months), colon and rectum (69.0 months), uterine (193.5 months), lung (65.5 months), small intestinal (94.0 months) or oral (127.0 months) cancer. It was shown in this study that there were some overlaps in the survival curves for patients with and without prior cancer, which indicated that the proportional hazards assumption was not satisfied. Similar to many clinical trials in which the 5-year time interval was used as an exclusion window [10] , in this study, we adopted the 5-year period as a cutoff value for the time interval from initial cancer to second primary cancer. There were 147 (33.6%) PDACs that occurred within this time interval in patients with a prior cancer. There were no significant differences in OS for patients with and those without a prior cancer regardless of whether the PDAC occurred within or beyond the 5-year time interval (Table 4) , with an exception for patients with a history of breast cancer. When PDAC occurred within the 5-year time interval, the patients with prior breast cancer had a significantly better survival compared with those without a prior cancer (p < 0.001). However, inferior survival was observed in patients who developed secondary PDAC occurring beyond the 5-year time interval (p < 0.001).
Univariate and multivariate analyses of OS
The clinical and pathological variables were included in the univariate and multivariate analyses to identify the prognostic factors of OS. A history of prior cancer was not associated with OS in the study cohort before or after the PSM analysis. Variables such as tumor size and grade, N stage, metastasis, surgery, radiotherapy, and chemotherapy were identified as prognostic factors of OS for all patients, for those without a prior cancer, and for those with a prior cancer ( Table 5, Additional file 2:  Table S2 and Additional file 3: Table S3 , respectively). Among patients with a prior cancer, there was no increase in the risk of decreased survival compared with those without a prior cancer.
Discussion
Over the last few decades, the dramatic improvement in the prognosis of many types of cancers has led to the increased development of a second primary cancer. Similar to other types of cancers [7, 10, 11] , PDAC is more and more frequently emerging as a second primary cancer. In this study, 4.74% of the patients with PDAC were accompanied with a prior cancer. Prostate, breast, and renal and bladder cancers were the three most Fig. 1 Overall survival analysis in patients with PDAC who had a prior cancer: a cohort before the PSM analysis; b cohort after the PSM analysis; c prostate cancer; d breast cancer; e renal and bladder cancer; f colon and rectal cancer; g uterine cancer; h lung cancer; i small intestinal cancer; j oral cancer; k gastric cancer; l hepatocellular cancer. PDAC: pancreatic ductal adenocarcinomas; PSM: propensity score matching commonly observed types of prior cancers in patients with PDAC. A genetic predisposition, such as the mutation of BRCA2 [12, 13] , and some environmental risk factors, such as alcohol, tobacco, and a lack of physical exercises [14] , contributed to the excess risks of multiple cancers in patients with PDAC. In this study, the median time intervals from initial cancer to second primary PDAC were different for different types of cancers. The variations in time intervals suggest that it is necessary to screen for PDAC in cancer survivors and provide clues to guide screening strategies or screening intervals for patients with PDAC as a second primary cancer.
There is a widely accepted rule in clinical trials according to which patients with prior cancers are to be excluded. The assumption of prior cancers impacting survival outcomes contributes to this exclusion rule, which further limits the authenticity and generalizability of results of the clinical trials with this exclusion criterion [7] . Moreover, this assumption has not been proven on the basis of authoritative data, especially for patients with PDAC as a second primary cancer. In this study, compared with mortalities from prior cancers, more cancer-related mortalities were observed in patients with PDAC as a second primary tumor. In addition, patients with PDAC who had a prior cancer had a median survival of 7 months, which is comparable to that of patients with PDAC who did not have a prior cancer. Even after balancing the baseline characteristics using the PSM analysis, patients with PDAC with a prior cancer andthose without a prior cancer had almost overlapping survival curves and cumulative mortality curves, indicating that there was no negative impact on survival outcomes from prior cancers in patients with PDAC. Similar results were supported by studies in patients with lung cancer [10, 11] . Moreover, when stratified by initial tumor sites, a possible long-term survival benefit and decreased cancer-specific mortalities were observed, especially in survivors of breast, colon and rectum, renal and bladder and uterine cancers, although the survival differences were not significant. These results indicated CI Confidence interval p a -values represented the differences of overall survival rates between patients with certain kind of prior tumor and those without prior tumor that certain types of prior cancers may result in improved rather than inferior survival outcomes in patients with PDAC. Interestingly, non-cancer-specific mortalities were higher in patients with certain types of prior cancers. It is possible that a smaller proportion of older patients contributed to this discrepancy. Considering the importance of details regarding time intervals from initial cancer to second primary cancer, we adopted the 5-year time interval, which is often used as an exclusion window in clinical trials [10] , as the cutoff value for the time interval in this study. When stratified by the time interval, different impacts of a prior cancer on survival were observed in patients with PDAC who initially had breast cancer. Compared to patients with PDAC who did not have a prior cancer, those with a prior cancer had better survival when PDAC developed within 5 years from the initial cancer, whereas a prior history indicated a negative effect on the survival of patients in whom PDAC developed later than within 5 years from the initial cancer. This discrepancy showed that the time interval was probably an important factor that should be considered when evaluating the prognostic impact of a history of cancer, especially in patients with breast tumors as the initial cancer. Except for breast cancer, a consistent survival effect and significance among the whole study cohort were observed for other types of prior cancers. For most types of prior cancers, survivors with PDAC had similar survival rates, regardless of the time interval within or beyond 5 years from their initial cancer diagnosis. This consistent effect and its significance were consistent with the results of previous cohort studies [7] .
Time-dependent survival analyses further illustrated that a prior cancer had little impact on the survival of patients with PDAC. Consistent with our results, Zhou et al. also found that prior cancer did not have an adverse impact on the all-cause survival of patients with PDAC [7] . In addition, the independent prognostic Fig. 2 All-cause, cancer-specific, and competing mortality analysis in patients with PDAC who had a prior cancer: a cohort before the PSM analysis; b cohort after the PSM analysis; c prostate cancer; d breast cancer; e renal and bladder cancer; f colon and rectal cancer; g uterine cancer; h lung cancer; i small intestinal cancer; j oral cancer; k gastric cancer; l hepatocellular cancer. PDAC: pancreatic ductal adenocarcinomas; PSM: propensity score matching factors for PDAC as the second primary cancer were similar to those for PDAC as the first primary tumor [15] [16] [17] [18] . A history of prior cancer was not associated with OS for patients with PDAC. Potential explanations may include biological effects and regular follow-up examinations. First, PDAC that developed as a second primary cancer accounted for a small proportion of all cases of PDAC. The biologically independent nature and extremely high degree of malignancy made it responsible for most of the cancer-specific mortalities [6] . Second, regular routine follow-up after the diagnosis of an initial cancer contributed to the early diagnosis of subsequent PDAC. Additionally, the reduced exposure to risk factors such as alcohol and tobacco demonstrated a favorable prognosis for patients with PDAC. The differences between the matched population and true population might have led to some biases in the survival analyses, which was the weakness of this study. However, comparisons of the survival analyses showed that there were only small differences in survival between the matched and whole cohorts, which represented the true PDAC population. In addition, the risk factors identified in patients with and without prior cancer were almost the same. The comparisons of results on the basis of different cohorts can further illustrate that there was only a small impact of prior cancer in the survival analyses of patients with PDAC.
In the current study, there was only a small impact of prior cancer on OS and cancer-specific mortalities in patients with PDAC on the basis of a large study cohort. This finding inspired us to reevaluate the long-accepted assumption that a history of prior cancer was incorporated into the exclusion criteria in clinical trials. It is the first time that the survival impact of a prior cancer in patients with PDAC was investigated, and our study provides the data to address this issue as an exclusion criterion in clinical trials. The expanded inclusion criteria of patients with PDAC who had prior cancers would probably increase the accuracy and generalizability of the results from clinical trials.
There were several limitations to this study. First, the retrospective nature made it challenging to balance all the clinicopathological characteristics, even after the PSM analysis. Second, the information about prior cancers was limited. Apart from the sequence number and time interval of multiple cancers, some detailed clinicopathological features about the prior cancers were unavailable in the SEER dataset. In addition, the SEER dataset lacked detailed information on treatments, such as surgery, radiotherapy, and chemotherapy, and lifestyle factors, such as body mass index and smoking status. Third, although the total number of patients with PDAC who had prior cancers was relatively large, cases of a certain type of cancer represented a small proportion of patients. In addition, the matched cohort selected by the PSM analysis did not represent the true PDAC population; therefore, there might be some biases in the survival analyses, which should be addressed. A larger cohort study is needed to confirm the results of this study.
Conclusions
In conclusion, our study evaluated the prognostic impact of prior cancer in patients with PDAC. The history of a prior cancer caused no significant differences in the overall survival or cancer-specific mortality rates. The inclusion of patients with a prior cancer in the clinical trials of PDAC should be considered. However, further studies are needed to confirm these results.
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